We aimed to evaluate preoperative diffusion-weighted magnetic resonance imaging (DWI) for predicting aggressive histological features in papillary thyroid cancer (PTC).
RESULTS
ADC values in the lowly aggressive PTC group were found to be significantly higher than those in the highly aggressive PTC without hobnail group (ADC mean : 1 /s, P < 0.001). No significant differences for the ADC mean , ADC min , and ADC solid were observed between the lowly aggressive and hobnail variant PTC groups (all P > 0.05). Lesion sizes in the hobnail variant PTC group was significantly elevated compared with the lowly aggressive PTC group (2.19±1.21 cm vs. 0.93±0.37 cm, P < 0.001). Areas under the curves (AUCs) for ADC mean , ADC min , and ADC solid between the lowly aggressive PTC and highly aggressive PTC group without hobnail were 0.758, 0.851, and 0.787, respectively. The AUC for size between the lowly aggressive and hobnail variant PTC group was 0.896. P apillary thyroid carcinoma (PTC) represents the leading type among malignancies of the thyroid gland, affecting 65%-88% in the United States and 87.8%-92.8% in Eastern China (1, 2) . PTC prognosis is generally good, with 1% to 2% mortality at 20 years (3). Lowly aggressive PTC has a survival rate above 99% (4) . PTC prognosis is mainly affected by surgical treatment (5) . Thyroidectomy with no prophylactic central neck dissection (PCND) is indicated for small (T1/T2), noninvasive or clinically node-negative (cN0) PTC lesions. Thyroid lobectomy might suffice as initial therapy for lowly aggressive PTC (6) . Based on a previous report (7) , watchful-waiting techniques deserve extensive investigation, as a preferred option in lowly aggressive PTC. Indeed, treatment decision initially made for PTC is based on preoperative risk stratification and could help assess PTC with aggressive properties, including distant and regional metastases, and extrathyroidal extension (ETE). This makes precise risk stratification and aggressiveness prediction the pillar of decision-making in thyroid cancer therapy (6) .
CONCLUSION
Fine-needle aspiration counts among the best and affordable methods for assessing thyroid nodules; however, it can only provide very little information regarding tumor ag-gressiveness (8) . Ultrasonography is largely employed for thyroid nodule diagnosis (9, 10) , but it is operator-dependent and not always reliable (6) . In addition, minor ETE cannot be efficiently excluded by routine neck ultrasonography (11, 12) . Meanwhile, computed tomography is restricted in presurgical assessment of thyroid nodules because of ionizing radiation and iodinated contrast agents.
As a functional magnetic resonance imaging (MRI) method, diffusion-weighted imaging (DWI) can be used to quantify the diffusion of water molecules in tissues without using contrast agents/radiotracers, or exposure to ionizing radiation (13) . DWI with apparent diffusion coefficient (ADC) analysis is widely used for tumor characterization in clinic (14) . Previous reports indicated that ADC is useful in tumor grade prediction and detection (13, 15, 16) . According to a few reports, ADC values derived from DWI are associated with aggressive phenotype in papillary thyroid carcinoma (PTC) (17) . However, the available studies are limited in patient number and mainly assessed mean ADC value (ADC mean ) not including the minimum ADC (ADC min ) and the ADC value of the solid component (ADC solid ) in PTC. Thus, this study aimed to comprehensively assess tumor ADC (ADC mean , ADC min , and ADC solid ) values for preoperative prediction of aggressive histological features in PTC in a large cohort of patients.
Methods

Patients
From January 2014 to October 2016, a total of 150 consecutive patients who underwent surgical consultation for thyroidectomy in our hospital according to thyroid nodule fine-needle aspiration or ultrasound examination, with suspected thyroid cancer or PTC were enrolled. The study had approval from the institutional review board (Ethics committee of Minhang Branch, Zhongshan Hospital, Fudan University: 201409; Registration number: ChiCTR-DDD-17012427). After informed consent, 141 cases were submitted to MRI before thyroid surgery. Nine cases had no MRI exam presurgery, including cases of claustrophobia (n=1), contraindication to MRI (n=5), and MRI refusal (n=3). Within one week of MRI, thyroidectomy was carried out. Meanwhile, exclusion criteria were: (1) lesions below 7 mm, not detectable by MRI; (2) lesions showing poor image quality not allowing clear diagnosis upon assessment; (3) small lesions in multifocal PTC cases (PTCs with multiple lesions, of which small lesions may have a possibility of being misdiagnosed as high aggressiveness); (4) non-PTC confirmed by pathology.
Preoperative labeling and histopathology
Preoperative labeling was carried out by a radiologist with 20 years of experience in head and neck radiology. Criteria for locating thyroid lesions were: 1) left, right, or isthmus, 2) upper, middle, and lower parts, 3) front or rear parts, 4) medial or lateral parts, and 5) number of lesions. The lesions were not subdivided if large enough to cover several areas. All PTC lesions were labeled based on MRI images. Thyroidectomy was carried out by two surgeons with 15 and 28 years of experience in head and neck surgery, respectively. Both surgeons were aware of the location of lesions on MRI images before surgery. Postoperatively, all matched PTC lesions were labeled with the same labels as those on MRI images and sent for pathologic examination.
Surgical specimens post-thyroidectomy with PCND were obtained by an experienced pathologist, who has assessed PTC for over 10 years. The resected biopsies were paraffin-embedded, and submitted to hematoxylin and eosin (H-E) staining. Then, H-E sections were reviewed by a pathologist. Based on the ATA 2015 risk stratification system for thyroid cancer characterization (6), histopathologic characteristics, including aggressive histology (columnar cell carcinoma, hobnail variant and tall cell), distant metastases, regional metastases, ETE, and vascular or tumor capsular invasion, were used to individually evaluate tumor aggressiveness. Lowly aggressive tumors reflected PTCs with no histopathological properties of tumor aggressiveness, and highly aggressive PTC lesions with no hobnail variants had histopathological characteristics of tumor aggressiveness; the third group included hobnail variant PTC lesions. The patients were followed up for >1 year postoperatively, receiving neck ultrasound, blood thyroglobulin and thyroglobulin antibody assessments.
MRI
MRI was performed on a GE EXCITE HD 1.5 T MRI scanner (GE healthcare) with an 8-channel special neck coil (Chenguang Medical Technology Ltd). Axial T2-weighted fast recovery fast spin-echo with fat suppression parameters were TR, 3000 ms; TE, 85 ms; thickness, 4 mm; spacing, 0.5 mm; FOV, 25 cm; matrix, 320×224; NEX, 4. DWI with a single-shot spin echo with planer imaging (EPI) sequence parameters were b factor, 800 s/mm 2 ; TR, 6,550 ms; TE, minimum; slice thickness, 4 mm; spacing, 0.5 mm; FOV, 25 cm; matrix, 128×128; NEX, 6; diffusion direction, all; exam duration, 2.44 min. Contrast MRI used axial T1-weighted imaging with a fast-spoiled gradient recalled echo (TR, 5.7 ms; TE, 1.7 ms; FOV, 25 cm; matrix, 192×256; NEX, 1), with gadolinium (Magnevist, Bayer HealthCare) administered intravenously at 0.2 mL/kg (flow rate, 3 mL/s) and 20 mL saline flush. Single scans were carried out before contrast agent administration; contrast-enhanced scans were performed at 30, 60,120,180, 240, and 300 seconds following contrast agent administration, scans were carried out; the patients held their breath during scanning.
Image interpretation
The postprocessing Functool software (GE) readily generated ADC maps, which were assessed separately by two experienced radiologists blinded to the history, laboratory findings, and histological features of each PTC patient. Regions of interest (ROIs) were placed in the thyroid lesions for ADC value determination. We also adjusted magnification as well as window level and width. These ROIs were specifically positioned in PTC lesions to avoid the cystic or necrotic portions, hemorrhagic sites, and areas of calcification.
Three different ADC values (ADC mean , ADC min and ADC solid ) were measured from ADC maps for each PTC lesion. T2-weighted
Main points
• DWI is a useful and noninvasive approach for preoperative evaluation and decision making in PTC.
• ADC min had the largest AUC (0.851) among the different ADC values (ADC mean , ADC min , and ADC solid ) in differentiating lowly aggressive PTC from highly aggressive PTC without hobnail variants.
• ADC min derived from DWI could be used as a quantitative parameter to differentiate lowly aggressive PTC lesions from the highly aggressive PTC group without hobnail variants with a sensitivity of 79.66% and a specificity of 90.48%.
• and contrast-enhanced T1-weighted images were employed as references to guide ROI placement. ROIs for ADC mean determination were drawn to encompass the entire lesion in each nodule slice as much as possible with the freehand drawing tool in the Advanced Workstation software, recording averages. For the measurement of ADC solid , contrast in the DWI map was adjusted to display a small area representing the brightest region, while concealing the remaining part. Then, a ROI was placed in the small area with high signals (8-12 mm 2 ), and the ADC value in the corresponding ADC map was recorded, representing ADC solid . Subsequently, ADC min was measured, in which contrast in the exponentially apparent diffusion coefficient (eADC) map was adjusted to display the small area with the brightest signal while concealing the remaining part. Next, a ROI was selected in the small area with high signals (2-5 mm 2 ), and the ADC value in the corresponding ADC map was recorded, representing ADC min . ROIs for AD-C mean , ADC min , and ADC solid were positioned on the PTC lesions as shown in Fig. 1 . Finally, the three different ADC values (ADC mean , ADC min , and ADC solid ) were determined using the mean values obtained by two technicians. Statistical analysis was performed for determining interobserver variabilities of ADC mean , ADC min , and ADC solid .
Statistical analysis
Descriptive statistics was used for data analysis. Data are mean±standard deviation (SD) after verification of normality with the Kolmogorov-Smirnov test. Statistical differences in ADC mean , ADC min , and ADC solid values between the lowly and highly aggressive PTC groups were determined by independent samples t-test. Afterwards, one-way analysis of variance (ANOVA) with post-hoc Tukey HSD test was used for the assessment of arithmetic means of ADC mean , ADC min , and ADC solid among cases with highly aggressive PTC without hobnail variants, lowly aggressive PTC, and hobnail variant PTC. Levene's statistics for multiple comparisons was performed to determine equality of variances; alternatively, Welch test with post-hoc Tamhane test for multiple comparisons was applied. Nonparametric Kruskal-Wallis H test was employed for analyzing continuous parameters in all three groups, i.e., lesion size. The Youden's index, specificity and sensitivity obtained from receiver operator characteristic (ROC) curves and threshold were set. The area under the ROC curve (AUC) values were assessed as reported previously (18) . Interobserver conformity was assessed using the intraclass correlation coefficient (ICC) for all three different ADC values. The ICC was calculated using the McGraw and Wong convention. ×100 (c, f) . In the zoomed ADC images (b, e), the largest irregular circle represents ADC mean , medium size circle represents ADC solid , and small circle represents ADC min . Photomicrograph (c) of histological specimen shows higher cellularity, enlarged nuclei, and higher nuclear/cytoplasmic ratio; photomicrograph (f) of histological specimen shows relatively low cellularity and nuclear/cytoplasmic ratio. 
Results
In the 141 patients enrolled in the current study, 166 lesions were evaluated; 78 lesions did not meet the eligibility criteria (see Methods). Therefore, 88 patients (66 women and 22 men) with 88 lesions were included. There (Fig. 3) .
ADC mean , ADC min , ADC solid values for the highly aggressive PTC group were 1.21±0.23×10 /s, P < 0.001 for both). In detail, 
.595, P < 0.001). Lesion sizes in the hobnail variant PTC group (mean rank, 68.88) were markedly elevated compared with that of the lowly aggressive PTC group (mean rank, 25.12). Fig. 4 shows arithmetic means distribution of ADC mean , ADC min , and ADC solid values for the lowly aggressive PTCs, highly aggressive PTCs without hobnail variants, and the hobnail variant PTC groups.
The AUCs for ADC mean , ADC min , and ADC solid for discriminating between lowly aggressive PTCs and highly aggressive PTCs without hobnail variant were 0.758, 0.851, and 0.787, respectively (Fig.5a ). ROC analyses indicated that ADC min exhibited an optimal performance in separating highly aggressive PTCs without hobnail variants from lowly aggressive PTCs. Differences in AUCs between ADC min and ADC mean as well as ADC min and ADC solid were statistically significant (P = 0.019; P = 0.040), while AUCs of ADC mean and ADC solid were not significantly different (P = 0.51). Comparisons of significant parameters between highly aggressive PTCs without hobnail variants and lowly aggressive PTCs groups are shown in Table  2 . The AUC for lesion size between lowly aggressive PTCs and the hobnail variant PTC group was 0.896 (Fig. 5b) . The Youden's index was highest at a lesion size cutoff of 1.20 cm, which yielded sensitivity and specificity of 87.5% and 95.2%, respectively.
Comparisons of ADC mean , ADC min , and ADC solid values between PTCs with or without different aggressive histological features are shown in Table 3 . ADC mean , ADC min , and ADC solid values showed significant differences between the aggressive and nonagressive subtypes (P = 0.045, P = 0.002, and P = 0.001, respectively), ADC to predict aggressive papillary thyroid carcinoma as well as the ETE and non-ETE groups (P = 0.01, P < 0.001, and P < 0.001, respectively).
Discussion
In PTC, grading of tumor aggressiveness is crucial for therapeutic planning, reflecting the extent of surgery required. PCND requirement for lymph node removal remains subject of debate. Near total and total thyroidectomies have markedly higher risks compared with thyroid lobectomy (19) . PCND is not applied routinely because it might enhance thyroidectomy complications, especially for inexperienced surgeons (20) . Meanwhile, thyroid lobectomy with no PCND may suffice as an initial therapeutic strategy for lowly aggressive PTC. As shown above, ADC mean , ADC solid , and ADC min values in highly aggressive PTCs without hobnail variants were lower compared with those of the lowly aggressive PTC group; however, the lowly aggressive PTC and hobnail variant PTC groups showed no statistically significant difference. The ADC min value was the best Data in parentheses are numbers of lesion. ADC, apparent diffusion coefficients; ADC mean , the mean ADC value; ADC min , the minimum ADC value; ADC solid , the ADC value of the solid component. *Significance was considered when P < 0.05. predictive parameter; its accuracy in predicting highly aggressive PTCs without hobnail variants was 85%. These results
suggest that DWI provides quantitative indexes for preoperatively predicting aggressive histological features of PTC.
To date, quantitative assessments of thyroid nodules mainly aim at DWI. Multiple studies (21) (22) (23) (24) and a meta-analysis (25) have indicated that ADC values in malignant thyroid nodules are markedly reduced compared with those of benign counterparts. In thyroid lesions, DWI can noninvasively detect malignancy. Recently, the ADC has been proposed as an imaging biomarker for tumor aggressiveness assessment in hepatocellular carcinoma (15, 26) , prostate cancer (13) , and pancreatic neuroendocrine tumors (16, 27 ), a critical parameter that affects the image quality and ADC values. Low b values tend to result in elevated ADC values because of the contribution of perfusion; maximal b values might be optimal for ADC measurements performed to assess tumor aggressiveness solely according to water diffusion characteristics. It has been reported that high b value yields elevated diagnostic accuracy (25) . Nevertheless, the signal-to-noise ratio is reduced with increasing b value, which limits the maximal b value that could be set. After balancing the sufficient diffusion weighting and image quality in DWI, we selected the relatively high b value of 800 s/mm 2 . In the present study, three different ADC values (ADC mean , ADC min , and ADC solid ) were measured from ADC maps of various PTC lesions, which are different from that found in previously published studies (mean ADC value). Compared with lowly aggressive PTC, highly aggressive PTC showed lower ADC mean , ADC min , and ADC solid values, with statistically significant differences. These results indicated that three different ADC values (ADC mean , ADC min , and ADC solid ) could be useful predictors of aggressive histological features during the preoperative evaluation of PTC. The above histopathological find-ADC to predict aggressive papillary thyroid carcinoma ings suggested higher cellularity, enlarged nuclei, smaller follicular cavities, more follicular septa and abundant fibrous stroma. The extracellular and intracellular spaces were reduced by such histopathological characteristics, resulting in ADC value decrease. In general, highly aggressive tumors are characterized by more barriers to diffusion, hyperchromatism, enlarged nuclei, and increased cell attenuation (28) .
AUC values for ADC mean , ADC solid , and ADC min in the lowly aggressive PTC and highly aggressive PTC groups were 0.709, 0.730 and 0.793, respectively, which indicated that ADC is not very reliable in segregating lowly from highly aggressive PTCs. As far as our experience is concerned, hobnail variant PTC lesions in the highly aggressive PTC group may be the main reason for this, since its ADC value is often high, similar to those of lowly aggressive PTC lesions. Therefore, we grouped hobnail variant PTC lesions, and analyzed the lowly aggressive and highly aggressive PTC groups without the hobnail variant PTC group. As shown above, ADC min had the largest AUC among the three different ADC values (ADC mean , ADC min , and ADC solid ) in differentiating lowly aggressive PTC cases from highly aggressive PTC ones without hobnail variants. Mean AUC for ADC min was 0.851, indicating ADC min might be a useful quantitative parameter in preoperative prediction of PTC aggressiveness. Heterogeneity, an important biological feature of tumors, could be reflected by heterogeneous ADC values (26) . Theoretically, the ADC min value of a tumor corresponds to the highest tumor cellularity, which in turn reflects the most actively proliferating area. Studies have suggested that ADC min may be an effective parameter to differentiate benign from malignant breast lesions, and represents a predictor of tumor grade (29) (30) (31) . These previously published results are consistent with the present findings. The current results showed that the optimal cutoff value for ADC min was 0.982×10 -3 mm 2 /s in differentiating lowly aggressive PTC lesions from the highly aggressive PTC group without hobnail variants. With an ADC min of less than 0.982×10 -3 mm 2 /s, sensitivity and specificity in diagnosing highly aggressive PTC without hobnail variants were 79.66% and 90.48%, respectively.
PTC showing overt hobnail features is rarely diagnosed and has moderate differentiation, constituting an aggressive PTC variant. Hobnail PTC variants are generally multifocal with complex papillary structures with various sizes lined by cells with elevated nuclear-cytoplasmic ratio and apical nuclei which produce a hobnail appearance (32) . It shows loosely or singly arranged cancer cells with an enlarged gap in tumor. The present study found no significant differences in ADC mean , ADC min , and ADC solid between lowly aggressive PTC lesions and hobnail variants. However, the lesion size in hobnail variants was significantly larger than that of lowly aggressive PTC lesions. ROC analysis showed the highest Youden's index at a cutoff of 1.20 cm, with sensitivity and specificity of 87.5% and 95.2%, respectively; the AUC was 0.896. We demonstrated that hobnail variants of PTC had larger ADC min (1.19±0.22×10 -3 mm 2 /s) and lesion size larger than 1.20 cm. Moreover, based on our experience, hobnail variants generally have specific MRI features, and further studies are ongoing in our group to investigate this phenomenon.
This study had a few limitations. First, selection bias may exist as data were not quite complete because some patients who met the inclusion criteria refused to participate. Second, PTC lesions of less than 7 mm were not assessed, due to detection difficulty on MRI. Improvement in MRI techniques may promote the detection of smaller PTC lesions. Third, the method for ADC measurement and the DWI protocol in this study could result in discrepancies between our and previous findings to a certain extent. Standardizations of such techniques are therefore highly encouraged. Finally, for the prediction of PTC aggressiveness, we did not compare ADC values and other imaging parameters reported in previous studies (33) (34) (35) for accuracy. Recently, advanced DWI techniques, such as diffusion kurtosis imaging (DKI), have also been used for evaluating thyroid nodules and associated histological features. A study by Shi et al. (35) suggested that the DKI-derived parameters D and K are superior to conventional DWI in thyroid lesion diagnosis. Despite these limitations, DWI of the thyroid provides additional information for predicting PTC aggressiveness in a fast and easy manner. In this series, we obtained sensitivity and specificity as high as 79.66% and 90.48%, respectively. Nevertheless, in further studies, the above limitations should be addressed.
In conclusion, ADC min derived from DWI could be used as a quantitative parameter to differentiate lowly aggressive PTC lesions from the highly aggressive PTC group without hobnail variants. Hobnail variant PTC lesions showed larger ADC min ( 
